In this study, we report low temperature x-ray diffraction studies combined with electrical resistance measurements on single crystals of iron-based layered superconductor FeSe to a temperature of 10 K and a pressure of 44 GPa. The low temperature high pressure x-ray diffraction studies were performed using a synchrotron source and superconductivity at high pressure was studied using designer diamond anvils. At ambient temperature, the FeSe sample shows a phase transformation from a PbO-type tetragonal phase to a NiAstype hexagonal phase at 10 AE 2 GPa. On cooling, a structural distortion from a PbO-type tetragonal phase to an orthorhombic Cmma phase is observed below 100 K. At a low temperature of 10 K, compression of the orthorhombic Cmma phase results in a gradual transformation to an amorphous phase above 15 GPa. The transformation to the amorphous phase is completed by 40 GPa at 10 K. A loss of superconductivity is observed in the amorphous phase and a dramatic change in the temperature behavior of electrical resistance indicates formation of a semiconducting state at high pressures and low temperatures. The formation of the amorphous phase is attributed to a kinetic hindrance to the growth of a hexagonal NiAs phase under high pressures and low temperatures.
The superconductivity in the PbO-type structure bFeSe was discovered recently at 8 K in samples prepared with Se deficiency. 1 The occurrence of superconductivity in this simple layered FeSe compound with edge-sharing FeSe 4 tetrahedron has created tremendous interest in the effects of chemical substitution and high pressure on this material system. 2 In particular, tellurium (Te) substitution has been studied 3, 4 and a maximum superconducting transition temperature of 15.2 K was measured for FeSe 0.5 Te 0.5 . Additionally, pressure-induced enhancement of the superconducting transition temperature of the FeSeTe system has been reported 4, 5 that warrants further high-pressure structural investigations at low temperatures. A recent high-pressure study 6 on the FeSe 0.5 Te 0.5 compound reported a pressure-induced tetragonal to amorphous phase transformation at a pressure of 11.5 GPa at ambient temperature. This pressure-induced amorphization in the FeSe 0.5 Te 0.5 compound was found to be reversible on decreasing pressure and the ambient pressure tetragonal phase was recovered during decompression. The pressure-induced amorphization phenomenon was reported earlier in ice, quartz, GeO 2 , molecular solids, phosphates, double sulphates, silicates, garnets, and other minerals (a review has been provided in Ref. 7) . There is a considerable interest in exploring whether this pressure-induced amorphization phenomenon is observed in other iron-based layered superconducting systems and in high-purity single crystal samples of FeSe subjected to high pressures.
To grow single crystals of PbO-type FeSe compound, stoichiometric weights of Fe and Se powders were mixed with KCl to give an FeSe 1-x (x = 0-0.15) to a KCl ratio of 1.5:10. 8 These powders were filled into quartz crucibles and crucibles evacuated to < 10 À4 mbar and sealed. The crucible was placed in a furnace and heated to 800-820 C and held there for 25 to 30 h to homogenize the solution. The solution was then slowly cooled to 770 C at a rate of 0.2 to 0.5 C/min and crystals could be seen collecting at the top of the solution and grown in size with time. The crucible was cooled to 400 C and annealed for 20 to 25 h before cooling to room temperature. The crystals were recovered by dissolving the KCl in water and rinsing in acetone to remove moisture from the surface and followed by drying in an oven at 80 C. Electron microprobe analysis was performed on the FeSe single crystal samples to establish its final synthesized composition, and this analysis indicated Fe content to be 48 AE 3 at.% and Se content to be 52 AE 3 at.%. Therefore, within our experimental uncertainties, we regard our single crystal FeSe specimens to be nearly stoichiometric 1:1.
The FeSe compound belongs to the PbO-type structure (Space Group P4/nmm), tetragonal with 4 atoms/ cell. Fe atoms occupy the 2a positions (0, 0, 0) and (1/2, 1/2, 0) and Se atoms occupy 2c positions (0, 1/2, z) and (1/2, 0, Àz). The parameter z has been determined to be 0.2715 based on earlier work on Fe 1+y Se x Te 1-x compounds. 9 The measured lattice parameters for FeSe single crystal samples at ambient pressure are a = 3.773 Å and c = 5.523 Å .
The high-pressure x-ray diffraction (XRD) experiments were carried out at the beamline 16-BM-D, HPCAT, Advanced Photon Source, Argonne National Laboratory. An angle dispersive technique with an image-plate area detector was used using a x-ray wavelength l = 0.3757 Å . The high-pressure sample to image plate detector distance was set to 353.9 mm. The single crystal FeSe compound was placed in an 80-mm-diameter sample hole in a spring steel gasket in a diamond anvil cell device employing diamond anvils with a culet size of 300 mm. A copper foil was also placed in the sample chamber to serve as an internal xray pressure standard. We did not use any pressure transmitting medium in XRD experiments at ambient and low temperatures to avoid interference from the weak extraneous peaks in our crystal structure determinations at high pressure. The electrical resistance measurements on FeSe samples at low temperatures and high pressures used eightprobe designer diamond anvils 10 and the ruby fluorescence technique for calibration of pressure at low temperature. 5 To obtain the most accurate pressure from our internal copper pressure marker, Birch-Murnaghan equation of state (EoS) 11 shown in Eq. (1) was fitted to the available data on copper and details on the fit are provided in Ref. 12 .
where B 0 is the bulk modulus, B 0 is the first derivative of bulk modulus at ambient pressure, and V 0 is the ambient pressure volume. Our measured value of ambient pressure volume for copper is 11.802 Å 3 /atom. The parameter f E is related to volume compression and is described below.
The volume of copper pressure marker was measured at high pressures and the pressure was calculated from the known equation of state of copper fitted to the BirchMurnaghan Eq. (1) with bulk modulus (B 0 ) = 121.6 GPa and its pressure derivative B 0 = 5.583 at ambient temperature. In the low-temperature case, the theoretical equation of state of copper at 0 K 13 was used in the determination of pressure by copper pressure standard at 10 K with bulk modulus (B 0 ) = 142 GPa and its pressure derivative B 0 = 5.2 with 0 K lattice parameter of copper to be 3.6029 Å . 14 The image plate XRD spectra recorded during room temperature compression of FeSe single crystal samples were collected to a pressure of 40.3 GPa. The ambient pressure PbO tetragonal phase was found to be stable until a pressure of 10 GPa. Above this pressure of 10 AE 2 GPa, a phase transformation to the hexagonal NiAs phase was observed, as documented in an earlier study.
15 Figure 1 shows the integrated XRD profile at a pressure of 0.5 GPa with diffraction peaks miller indices FIG. 1. Integrated diffraction profiles for FeSe sample at ambient temperature and high pressures using a synchrotron x-ray source of wavelength l = 0.3757 Å . The FeSe sample is in the PbO-type tetragonal phase at a pressure of 0.5 GPa and in a NiAs-type hexagonal phase at a pressure of 40.3 GPa with the lattice parameters described in the text. 3, 1/3, 3/4) . The NiAs phase was found to be stable up to a pressure of at least 40 GPa achieved in the room temperature experiments. There is a volume collapse of 16% at this phase transition from the tetragonal PbOtype phase to the hexagonal NiAs-type phase at high pressures.
It is important to perform low-temperature XRD studies at high pressures to correlate measured superconductivity transition temperature results with the crystalline phases present at simultaneous low-temperature and high-pressure conditions. We have carried out XRD studies on FeSe single crystal samples to simultaneous low-temperature and pressure-conditions of 10 K and to pressures of 44 GPa at the beamline 16-BM-D, HPCAT, Advanced Photon Source, Argonne National Laboratory, using a membrane-driven diamond anvil cell. First, the sample was cooled down to 10 K at a fixed pressure and then additional pressure was applied at a constant temperature of 10 K and image plate XRD spectra were collected. The pressure was measured at high pressures and low temperature by XRD determination of the lattice parameter of the copper pressure standard mixed with the FeSe sample, as described earlier. The FeSe sample undergoes a phase transformation during cooling below 100 K from a tetragonal PbO-type phase to an orthorhombic Cmma phase. 16 The orthorhombic Cmma phase can be considered as a simple distortion of the ambient pressure tetragonal phase with c ortho % c tetra and a ortho % b ortho % ffiffi ffi 2 p a tetra . In this Cmma space group, Fe atoms occupy the 4c positions (0,0,0), (1/2,1/ 2,0), (0,1/2,0), and (1/2,0,0) and Se atoms occupy the 4g positions (0,1/4, z), (0,3/4,Àz), (1/2,3/4, z), and (1/2, 1/4, Àz) with z parameter % 0.27. Figure 2 shows the image plate XRD patterns obtained at a temperature T = 10 K and a pressure of 15.3 GPa and at 43.8 GPa, respectively. The sharp diffraction peaks from the FeSe sample observed at 15.3 GPa gradually transform to broad diffuse bands at 43.8 GPa. The integrated XRD profiles for image plate diffraction patterns at 10 K are shown in Fig. 3 . The measured lattice parameters for the Cmma phase at 10 K and 15.3 GPa are a = 4.929 Å , b = 4.948 Å , and c = 4.978 Å . On increasing pressure above 15 GPa at 10 K, the sharp diffraction peaks characteristic of the crystalline orthorhombic Cmma phase gradually disappear and new broad diffraction peaks characteristic of an amorphous phase marked by an asterisk appear, as indicated by the integrated diffraction profile in Fig. 3 at 43 .8 GPa.
The phase transition to this amorphous phase is sluggish and occurs over a broad pressure range between 15 to 40 GPa. This broad diffraction peak, as observed in Fig. 3 at 43.8 GPa, is clear evidence of the formation of an amorphous phase in FeSe at high pressures and at a temperature of 10 K. It is instructive to discuss the possibility of amorphous versus nanocrystalline phase formation in FeSe under high pressures as both would give rise to broadened diffraction peaks in the observed diffraction patterns. The calculated grain size from the measured peak widths in the XRD patterns of the amorphous phase is a few nanometers and hence we cannot rule out the existence of nanometer-size domains of the NiAs phase at high pressures and low temperatures. It is important to consider the effect of the formation of the amorphous phase in FeSe   FIG. 2 . Image plate XRD data collected at a synchrotron source using a x-ray wavelength l = 0.3757 Å and sample to detector distance of 353.9 mm. The upper panel shows powder diffraction rings at 15.3 GPa from an orthorhombic Cmma phase along with copper pressure marker. The lower panel shows broad diffuse rings indicating formation of an amorphous phase in FeSe at low temperatures at a pressure of 43.8 GPa along with sharp peaks from the copper pressure standard and gasket. All XRD spectra have been recorded at a low temperature of T = 10 K.
at low temperatures and high pressures on the measured superconducting properties. We investigated the superconducting properties of single crystal specimens of FeSe using an eight-probe designer diamond anvil. 10 Fourprobe electrical resistivity measurements were performed on FeSe single crystal to 10 K and 20 GPa. The onset of superconductivity was detected by a sudden decrease in electrical resistivity at low temperatures. The pressure was measured by the in situ ruby fluorescence measurements at low temperature and care was taken to monitor the sample pressure as a function of temperature. The reported pressures are an average of ruby pressure values measured during the superconducting transition measurements. Figure 4 shows the four-probe electrical resistance measurement on the FeSe sample at a pressure of 9.5 GPa where the onset of superconductivity or transition temperature T c is observed to be at 36 K. In the amorphous phase, no superconducting transition is detected at a pressure of 19.5 GPa. Instead, in the amorphous phase, electrical resistance is observed to increase with a decrease in temperature and is characteristic of a semiconducting behavior. Therefore, we conclude that on transformation to an amorphous phase at low temperature and high pressures, the FeSe sample becomes semiconducting and does not exhibit superconductivity behavior until 10 K. However, we cannot rule out a superconducting state below 10 K in our experiments.
There have been several recent measurements on the superconducting behavior of FeSe at high pressures 1, 15, 17, 18 but few direct measurements of crystal structures at low temperatures and high pressures. We have shown by XRD studies to 10 K and 44 GPa that the FeSe sample undergoes a sequence of phase transitions at low temperatures and high pressures. On cooling at low pressures, the ambient pressure tetragonal phase is observed to transform to an orthorhombic phase below 100 K. It is interesting to note that the location of this orthorhombic phase transition coincides with the temperature where spin-density wave transitions are reported in other ironbased superconductors at high pressures. 19 Compression of this orthorhombic phase at 10 K results in the gradual formation of an amorphous phase above 15 GPa. The formation of this amorphous phase is completed by 40 GPa at 10 K. We cannot rule out the existence of nanocrystalline phases in FeSe samples under high pressure. The superconducting property measurements in the orthorhombic phase show pressure enhancement of superconducting transition temperature T c from an ambient pressure value of 8 to 36 K at a pressure of 9.5 GPa. However, the amorphous phase is found to be nonsuperconducting until 10 K and electrical resistance measurements as a function of temperature show a semiconducting behavior. It is interesting to point out that the broad diffraction peak attributed to the amorphous phase occurs approximately at the same interplanar d-spacings as are sharp peaks observed from the crystalline hexagonal NiAs phase. It is likely that the formation of an amorphous phase at low temperature under pressure is due to a kinetic hindrance to the formation of the thermodynamically stable NiAs phase that is observed under compression at ambient temperature. Furthermore, the formation of the amorphous phase at ambient temperature and high pressure in the FeSe 0.5 Te 0.5 system above 11.5 GPa indicates that this kinetic hindrance is enhanced by a random substitution of Se ion by Te ion in the lattice. It is also likely that Normalized four-probe electrical resistance measurements on FeSe samples using designer diamond anvils. The sample is superconducting at a pressure of 9.5 GPa with a superconducting transition temperature T c of 36 K. At higher pressure of 19.5 GPa, no superconductivity is detected and sample resistance is observed to increase with decreasing temperature characteristic of a semiconducting material.
Rapid Communications the formation of an amorphous state is a common occurrence in other iron-based layered superconducting materials at low temperatures and high pressures whenever there is a kinetic hindrance to the formation of the stable NiAs phase under compression.
